The sustained component of visual attention lowers the perceptual threshold of stimuli located at the attended region. Attentional performance is not equal for all eccentric positions, leading to variations in perception. The location of the preferred retinal locus (PRL) for fixation might be influenced by these attentional variations. This study investigated the relation between the placement of sustained attention and the location of a developed PRL using simulations of central scotoma. Thirteen normally sighted subjects participated in the study. Monocular sustained attention was measured in discrete eccentric locations of the visual field using the dominant eye. Subsequently, a six degrees macular scotoma was simulated and PRL training was performed during eight ten-minutes blocks of trials. After training, every subject developed a PRL. Subjects with high attentional capabilities in the lower hemifield generally developed PRLs in the lower hemifield (n = 10), subjects with high attentional capabilities in the upper hemifield developed PRLs in the upper hemifield (n = 2) and one subject with similar attentional capabilities in the upper and lower hemifield developed the PRL on the upper hemifield. Analyzed individually, the results showed that 70% of the subjects had a PRL location in the hemifield where high attentional performance was achieved. These results suggest that attentional capabilities can be used as a predictor for the development of the PRL and are of significance for low vision rehabilitation and for the development of new PRL training procedures, with the option for a preventive attentional training in early macular disease to develop a favorable PRL.
Introduction
Patients with maculopathies use undamaged retinal areas for fixation and other visual tasks. This shift of fixation to a peripheral retinal location is called ''eccentric viewing" and the utilized area is called preferred retinal locus (PRL) for fixation (Cummings, Whittaker, Watson, & Budd, 1985; Fletcher & Schuchard, 1997; Timberlake, Peli, Essock, & Augliere, 1987) . It is defined as one or more circumscribed regions of functional retina that are repeatedly aligned with a target for a specific task. Researchers have extensively studied the PRL in terms of location, fixation stability, reading and cortical adaptations (Nilsson, Frennesson, & Nilsson, 2003; Crossland, Culham, & Rubin, 2004; Crossland, Culham, Kabanarou, & Rubin, 2005; Crossland, Engel, & Legge, 2011; Cummings & Rubin, 1992; Cummings et al., 1985 , Fine & Rubin, 1999 Fletcher & Schuchard, 1997; Guez, Le Gargasson, Rigaudiere, & O'Regan, 1993; Sunness, Applegate, Haselwood, & Rubin, 1996; TrauzettelKlosinski & Tornow, 1996; Whittaker, Budd, & Cummings, 1988; Messias et al., 2007) . However, the mechanisms responsible for a particular placement are not fully understood. Cheung and Legge (2005) summarized three hypotheses for the selection of the PRL. One of them is the function-dependent hypothesis. This hypothesis suggests that the selection of the PRL may be dictated by the suitability of the location to the specific visual task. It was shown that PRLs in the lower visual field are suitable in a range of important everyday tasks. For example, a PRL for left-to-right reading is preferred to be below the central scotoma, since only then the reader can estimate the amplitude of the eye movement towards the next word or towards the next line. Similarly, while navigating, important visual information to avoid obstacles is located in the lower visual field, and in this case PRLs in the lower visual field will be advantageous. Therefore, the function-dependent hypothesis predicts that the location of the new PRL will be positioned mostly in the lower visual field. Another hypothesis is the retinotopic hypothesis, which suggests that the selection of the PRL location is dependent on retinotopic reorganizations. In this case, neurons in the cortical area V1 remap to the inputs from retinal locations near the scotoma, leading to a selection of a PRL at the border of the central scotoma. This hypothesis predicts the PRL location at a region adjacent to the border of the scotoma. The last hypothesis corresponds to the performance-dependent hypothesis. It suggests that the PRL will be developed at retinal locations that can maximize visual performance. This hypothesis predicts that the PRL location is determined by regions of the retina with good visual acuity or, on the basis of visual attention, by regions of the retina with high attentional capabilities.
However, the three hypotheses might not be mutually exclusive and the same PRL location may be determined by different mechanisms. For example, in a large cohort of low vision patients with a macular scotoma, the PRL was observed to be near the scotoma and in the lower part of the visual field (Fletcher & Schuchard, 1997) . In these cases, PRLs were developed at the proximity of the damaged retina as predicted by the retinotopic hypothesis and in the lower visual field as predicted by the function-dependent hypothesis for left-to-right reading. While this finding shows that the selection of the PRL might be explained by several mechanisms, the contribution of each mechanism to this selection is not yet understood.
In the present study, we investigated one of the hypotheses for the selection of the PRL. We addressed the question whether the locations with high attentional capabilities are candidates for this selection. The attentional capabilities were investigated using a sustained attention measurement. Sustained attention corresponds to a component of visual attention that allows individuals to deploy and keep attention on eccentric locations of the visual field by an effort of will. This component of visual attention lowers the perceptual threshold of stimuli located at the attended region (Nakayama & Mackeben, 1989) . Altpeter, Mackeben, and Trauzettel-Klosinski (2000) investigated the sustained attention in patients with macular disease at cued and attended discrete positions in the visual field. They reported that 57% of the tested subjects showed better performance in the lower hemifield, 16% of the subjects showed better performance in the upper hemifield, and 27% of the subjects showed similar performance in the upper and lower hemifields. In addition to these asymmetries, no differences in attentional performance between normally sighted people and patients suffering from small macular scotomas were found. Therefore, it was assumed that the attentional variations do not change from the pre-scotoma stage to the post-scotoma stage. They also compared the attentional performance of a centrally fixating eye with an eccentrically fixating fellow eye in patients with a macular scotoma and suggested a link between sustained attention and the placement of the PRL.
In the present study we investigated in the same eye of a subject if attentional performance and PRL selection are related. Sustained attention was measured using the procedure described by Altpeter et al. (2000) and the development of the PRL was studied using simulations of central scotomas. This kind of simulations lead to the development of a PRL (Kwon, Nandy, & Tjan, 2013; Pidcoe & Wetzel, 2006) . The bivariate contour ellipse area (BCEA) was used to express fixation stability, or variance (Crossland et al., 2004; Steinman, 1965) . Thus, the BCEA allowed us to quantify the fixation quality of the subjects after the scotoma simulation. However, the BCEA does not provide an analysis of PRL location. Therefore, a separate analysis of the PRL location was used to show that significant changes of the BCEA were indeed due to the development of the PRL in eccentric locations and not due to refinements of foveal fixations. The location of the PRL was obtained using a bivariate kernel density estimator (Botev, Grotowski, & Kroese, 2010) , where the location was defined to be at the peak density of the fixations (Kwon et al., 2013) .
The prediction of PRL location based on attentional capabilities could be of significance for low vision rehabilitation. Patients with an early macular disease, who have an unfavorable distribution of their attentional capabilities, could receive an attentional or PRL training in order to develop a functionally favorable PRL location.
Methods

Participants
Thirteen participants took part in the study, four males and nine females with ages between 20 and 30 years (mean 25.3 years). All subjects were naïve in regard to the purpose of the experiments. The study was performed with regard to the declaration of Helsinki and subjects gave their informed consent before their participation.
The subjects were required to have healthy eyes and visual acuity above or equal to 0.0 logMAR. Thus, subjects with a spherical ametropia higher than ±0.75 D, or with an astigmatism higher than À0.50 D were not eligible to participate in the study. Because of this limitation, none of the subjects had to be corrected to normal vision and therefore neither glasses nor contact lenses were worn. This was necessary to avoid unwanted reflections from glasses and contact lenses during the eye tracker data acquisition.
Study design
The experiment consisted of three sessions, each one separated by at least 24 h. In the first session, objective refraction and a visual acuity measurement were performed to make sure that every participant had normal visual acuity. Subsequently, a measurement of sustained attention using the dominant eye was performed according to Altpeter et al. (2000) .
In the second and third sessions, simulations of central scotoma were performed. A gaze contingent system was used for the simulation. This allowed to observe and study the development of the PRL (Aguilar & Castet, 2011; Bertera, 1988; Cornelissen, Bruin, & Kooijman, 2005; Fine & Rubin, 1999; Henderson, McClure, Pierce, & Schrock, 1997; Kwon et al., 2013; McIlreavy, Fiser, & Bex, 2012; Pidcoe & Wetzel, 2006; Scherlen, Bernard, Calabrese, & Castet, 2008; Sommerhalder et al., 2003; Walsh & Liu, 2014; Whittaker et al., 1988) . Subjects had to solve a set of visual tasks while a gaze-contingent mask was presented at the prevailing eye position. Since the mask blocked central vision, subjects were forced to foveate eccentrically, and as a consequence, to develop a preferred retinal locus for fixation. Finally, the position of the newly developed PRL was compared with the positions of high attentional capabilities of each participant.
Apparatus
The objective refraction was carried out using an aberrometer (ZEISS i.Profiler plus; Carl Zeiss Vision GmbH, Germany). Visual acuity was measured using a standard Snellen chart (OCULUS Optikgeräte GmbH, Wetzlar, Germany) with a minimum contrast of 90% under a minimum luminescence of 300 cd/m 2 . The stimuli were presented on a ViewPixx/3D display with a vertical refresh rate of 100 Hz and a spatial resolution of 1920 Â 1080 pixels.
Eye positional data were collected using the Eyelink 1000 Plus eye tracker for head fixed measurements (SR Research, Ltd., Ontario, Canada) and a gaze-contingent program written in MATLAB (MathWorks Inc, Natick, MA, USA). The program combined the Psychtoolbox (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007) and the Eyelink toolbox (Cornelissen, Peters, & Palmer, 2002) to present a set of gaze-dependent and gaze-independent stimuli. The gazedependent stimulus was a foveally centered circular mask, the repositioning of which was delayed by less than 20 ms after the eye position was detected. The gaze-independent stimulus was a saccade target. The saccade target had multiple components that were used in combination with a discrimination task to increase the fixation time of the subjects. Vertical and horizontal positions of the eye were recorded at 1 kHz.
A chin rest was used to minimize movements of the head and to hold the eyes at a distance of 66.6 cm from the display. The objective refraction, visual acuity measurement and determination of dominant eye were performed in an illuminated room, whereas every subsequent experiment was conducted in a dark room. Eye dominance was assessed by asking subjects to look through the pinhole at the biggest letter on a Snellen chart, located six meter away from them. The eye used to look through the hole was assumed to be the dominant eye. This eye was used to measure sustained attention and simulate the scotoma, while the other eye was patched.
The procedure for the sustained attention measurement can be seen in Fig. 1 , left. A fixation cross was presented in the center of the screen for one second. Afterwards, a red cue appeared at an eccentricity of 8 degrees for one second, indicating the location in which the target will be presented. The locations tested were placed at 8 degrees eccentricity along different meridians in 45°i ncrements from 0°to 315°. The red cue had been shown to improve the subjects' performance and activated the sustained component of visual attention (MacKeben, 1999) . Subjects were asked to deploy their attention on the cued location while keeping fixation on the central cross. After a random time between 2.5 and 4 s, a Snellen E appeared in the cued location. The preliminary tests determined the size and duration of the Snellen E presentation (see paragraph below). In this study, the Snellen E presented in the sustained attention measurement was 40 arcmin for two subjects and 34 arcmin for eleven subjects. The presentation time obtained for all subjects ranged between 60 and 160 ms and the mean presentation time was 124.6 ± 29.6 ms (SD). Seven distractors were presented together with the Snellen E in all other locations. Finally, to avoid afterimage effects, eight masks were presented for 100 ms in all 8 locations. The task was to use the arrow keys to report the orientation of the Snellen E, which was presented with the opening to the right, left, up or down. This procedure continued in a pseudo-random fashion until the stimulus was presented at each location 12 times. Eye movements were monitored using the eye tracker, and every time the participant performed an eye movement that broke fixation on the cross, the trial was aborted and repeated directly after the trial. The right panel of Fig. 1 shows a schematic representing recognition performance of the subject at the eight tested locations. The percentage of correct responses is represented by the length of the radius for each tested location. Neighboring blue dots are connected linearly, using a blue dotted line. The connections stressed the performance differences between hemifields.
To ensure that the local differences in attentional performance reflected indeed the properties of sustained attention, two preliminary tests were performed according to Altpeter et al. (2000) . Each test was performed following the procedure shown in Fig. 1 . In the first test, we determined the size and presentation time of the stimulus for each subject. The initial stimulus size was 34 arcmin and the presentation duration was incremented in steps of 20 ms until the subject answered 75% of the times correctly in at least two of the eight tested locations. In case the subject did not perform well with that size and a maximum of 200 ms of duration time, the size of the target was increased to 40 arcmin. The second preliminary test was performed to ensure that the subject's performance was not limited by spatial resolution. The stimulus was presented at a pre-determined size (see above) in all eight locations for a duration of 1 s. The experiment continued only when all responses were correct.
Simulation of a central scotoma
The simulation consisted of a foveally presented circular disk of 6 degrees diameter. The background luminance of the screen and disk was 64 cd/m 2 , and their color was identical (dark gray). The outline of the disk was drawn to help subjects to orient their saccades. In total, there were two simulation sessions, each divided into four training blocks. The main task was to discriminate the components of a stimulus that was presented at varying screen positions. Fig. 2 shows the events occurring during the simulation. At the beginning of the PRL development, subjects foveated the stimulus and, as a consequence, it disappeared behind the scotoma. After some training, subjects began to suppress the normal foveating mechanism and learned to fixate the stimulus eccentrically. The figures on the right show the collected fixations at the two different stages of the PRL development.
A 13-point calibration was performed at the beginning of each training block. This calibration collected fixation samples from 13 known target points in order to map raw eye position data to gaze. Subsequently, a validation with 13 points was performed to provide information about the calibration accuracy. The experiments continued only if the validation was confirmed to be good by the eye tracker. Fig. 3 shows the stimuli for the first and second training sessions. In each session, a stimulus that evokes a saccade was presented (saccade stimulus). The stimulus consisted of a number of components that increased with the training block to introduce crowding effects. Given that crowding decreases the performance during eccentric viewing of a stimulus (Wallace, Chiu, Nandy, & Tjan, 2013 ) the new component increased the task complexity and therefore kept the subjects challenged. The main difference between the training sessions was that in session I the discrimination of the stimuli required a color discrimination, and in session II a shape discrimination. The different discriminations were selected in order to increase the complexity of the task over the training period. Overall, the distribution of the components spanned 1.5 degrees.
In Session 1, the colored dots were randomly distributed around a pre-determined center of mass. A new dot and color were added in each training block. The task was to differentiate between red and blue dots and report whether there were more red or blue dots. Subjects used the up and down arrow keys to report whether there were more red or blue dots.
In session II, the stimulus was a combination of squares and lines. In the first block, the components were a combination of either two lines, two squares or a square and a line. Subjects had to report whether the components were equal or different. In case they were equal (e.g., two squares), subjects used the space key to mark both components red and reported that they were equal using the up arrow key. In case they were different (a square and a line), subjects used the space key to mark only the square red and reported that they were different using the down arrow key. In the second block the stimulus was a combination of three components that were randomly assigned to be squares or lines. Subjects used the space key to mark all squares red and to report whether there were more squares or lines. They used the up arrow key to report more squares and the down arrow key to report the occurrence of more lines.
In the third block the stimulus had four components that were randomly assigned to be squares or lines. Subjects used the space key to mark all squares red and reported whether the components were two lines and two squares or whether the components had a different arrangement, for example, only one line and three squares. Finally in the last block the stimulus was a combination of four components that were randomly assigned to be squares or lines. Subjects used the space key to mark all squares red and reported whether there were more squares or lines. They used the up arrow key to report more squares and the down arrow key to report more lines.
Eye position data were collected during 10 min in each training block, but because a recalibration was performed between the trials and the eye positional data were not collected during this recalibration, the complete block lasted longer than 10 min. On average, subjects performed 116.4 ± 56.5 trials ranging between 26 and 279 trials.
Data analysis 2.5.1. Development of the preferred retinal locus for fixation
To study the PRL development, fixational stability and the location of the PRL were analyzed at different training stages. The fixations were separated from other events (blinks and saccades) using the Eyelink parsing algorithm. The algorithm classified fixations, saccades and blinks using a saccadic velocity threshold of 30°/s, a saccadic acceleration threshold of 8000°/s 2 and a saccadic motion threshold of 0.1°(Bethlehem et al., 2014; Lingnau, The upper half shows that, at the beginning of the PRL development, eye movements placed the scotoma on top of the stimulus. The lower half shows that after some training, the eye movements were re-directed and fixation was now performed eccentrically. The right panel shows examples of the fixations performed at different stages of the development. The upper figure shows the fixations when the subject was at the beginning of the training and the lower figure when the subject is already trained after 8 training blocks of 10 min. Fig. 3 . Example of stimuli presented during the first and second training sessions. Each training session was separated into four blocks of 10 min recording. In the first session, colored dots were presented and in each block a new color and dot was added. The location and size of the dots were randomized in every trial, but they were always distributed in an area spanning 1.5 degrees. Subjects had to judge whether there were more blue or more red dots. In the second session, squares and lines were presented. In each block, a new component (square or line) was added. The location of each component was randomly assigned. Subjects had to discriminate the components of the stimulus. For example, in the first block, they had to report whether the components were equal or different. Schwarzbach, & Vorberg, 2008; Liu & Kwon, 2016; Smith, Glen, Monter, & Crabb, 2014; Van der Stigchel et al., 2013) . Fixation stability or variance of the fixations was obtained by calculating the bivariate contour ellipse area (BCEA) of the fixation distributions (Crossland et al., 2004; Steinman, 1965 ) that encompassed 68% of fixations around the mean (Castet & Crossland, 2012; Kwon & Legge, 2012; Liu & Kwon., 2016) . Small BCEAs corresponded to smaller fixation areas and therefore higher fixation stability. The location of the PRL was obtained from the kernel density estimation (Botev et al., 2010) of the fixations and was defined to be the one at the peak density (Kwon & Legge, 2012) .
Sustained attention
The separation of groups based on the subjects' performance with cued attention was implemented using the ratio R g between the performance levels at the 90°and at the 270°locations (per (90) and per(270)) for the percentage of correct responses. For comparison, this separation was performed using the methods of Altpeter et al. (2000) .
G1: R g <0.8 reduced performance in the upper location. G2: R g >1.2 reduced performance in the lower location. G3: 1.2 ! R g !0.8 similar performance in the upper and lower location.
Development of the PRL combined with sustained attention
The number of eccentric fixations R fix was quantified by calculating the number of fixations outside of the scotoma F O divided by the total number of fixations F T (Eq. 2).
R fix was obtained from all the fixations collected in a training block. This value was calculated for the eight performed training blocks and subsequently, the eight R fix values were normalized to the subjects highest R fix . In the normalized quantity R fixN , values close to one represented training blocks in which the stimulus was fixated outside the scotoma. To compare the fixational behavior with the recognition performance mediated by sustained attention, three training sessions for each subject were selected. The selected training sessions corresponded to different stages of scotoma development. We investigated the first training session, in which R fixN was equal or above 0.5, the first training session in which R fixN was equal or above 0.75, and finally the training session in which R fixN was 1. The number of training blocks needed to reach R fixN ! 0.5 was 1.3 ± 0.5 blocks, ranging between the 1st and 2nd block. The number to reach R fixN ! 0.75 was 2.3 ± 1.5 blocks, ranging between the 2nd and 5th blocks. This showed that most of the subjects reached the first level of performance (R fixN ! 0.5) at about the same time, however, to reach the second level of performance (R fixN ! 0.75), subjects needed different times. The best level of performance, when R fixN = 1, was reached at 5.9 ± 1.3 blocks of training that ranged between the 3rd and 8th blocks.
The eccentric fixations at each stage of the development (R fixN -! 0.5, R fixN ! 0.75 and R fixN = 1) were translated to angle histograms. In the histograms, bins were centered at the same directions tested during the performance of the sustained attention measurement (0°, 45°, 90°, 135°, 180°, 225°, 270°and 315°). Fig. 4 shows on the left an example of a kernel density map after the performance of a training block, and on the right it shows the translation of these data to an angle histogram. The length of a bin is proportional to the number of eccentric fixations located within the bin range. In the example of Fig. 4 , the bin centered at 270°i ncludes fixations at angular positions between 247.5°and 292.5°. This translation allowed a comparison between the locations with high attentional capabilities and the location of PRL development.
Mean resultant vectors of the angle histograms were obtained to determine the direction of the mean PRL developed. The resultant vectors were calculated using the circular statistics toolbox (Berens, 2009 ).
Results
Development of the preferred retinal locus for fixation, variance and location
The mean variance (BCEA) of the fixations decreased significantly after eight training blocks of 10 min (Fig. 5, left) . The mean variance of the fixations performed in the last training block was reduced by 55% in comparison to that of the first block (paired sample t-test, t (12) = 3.45, p < 0.01). This result showed fast (80 min) adaptation of oculomotor behavior during the training.
To examine whether the significant decrease of the BCEA was combined with a re-direction of saccades in favor of eccentric locations, the location of the PRL was also determined. The location of the PRL was obtained by calculating the position in which the peak density of the fixations was located. Fig. 5 (right) shows the distance between the PRL to the center of the scotoma (or foveal location) as a function of the training blocks. We found a significant increase between the first training block and the last training block (paired sample t-test, t (12) = À3.12, p < 0.01). Furthermore, the mean distance between fovea and PRL for all subjects at the end of the training was 4.87 ± 1.26 deg (standard deviation, SD), which shows that the newly acquired PRLs were located outside of the scotoma at the end of the training.
These results suggest that subjects located the scotoma on top of the stimulus at the beginning of the training. However, this behavior was suppressed as the training progressed and they learned to fixate eccentrically.
Sustained attention and the development of the PRL, mean effects
The ratio R g from the percentage of correct responses for the 90°a nd the 270°meridians was calculated. This allowed to separate the subjects into three groups: group one (G1) with ten subjects Fig. 4 . The diagram on the left shows an example of the fixations in a complete training block. The white cross shows the location of the PRL at the peak of the fixation density map. The gray circle at the center shows the area covered by the artificial scotoma. The figure on the right shows the angle histogram for the diagram presented on the left. In this case, the bin at 270°shows that most of the fixations were located in that direction. The angle histogram is divided into eight bins centered at the same angular locations tested on the sustained attention measurements.
and a mean ratio R g of 0.63 ± 0.17, group two (G2) with two subjects and a mean ratio R g of 1.79 ± 0.30 (SD) and group three (G3) with one subject and a ratio R g of 1. Results for each group were averaged and plotted in a single attention diagram. This helped to compare graphically the attentional trends with the distribution of the fixations around the scotoma. Fig. 6 shows the resultant attention diagrams for the different groups, G1, G2 and G3, where the mean percentage of correct response was calculated for every tested location. The distance between the center of the diagram and the blue dot represents the percentage of correct response for the eight tested locations at an eccentricity of 8 degrees. In addition, the blue arrow shows the mean resultant vector, which was calculated using the percentage of correct response for each orientation. To do so, the percentages of correct response for each orientation was transformed into a vector with the length indicating the percentage obtained and the angle indicating the orientation tested. The mean resultant vector was obtained using the circular statistics toolbox (Berens, 2009) which used the eight vectors as input. In the figure are shown the mean resultant vectors for G1, G2 and G3.
In addition, the ratio of the mean percentage of correct responses on the vertical meridian (v = 90°+ 270°) and the mean percentage of correct responses on the horizontal meridian (h = 0°+ 180°) were calculated. The ratio (h/v) for all subjects was 1.48 ± 0.29 (SD), indicating better performance on the horizontal meridian.
Mean angle histograms of eccentric fixations were obtained for each group at the different stages of PRL development (Fig. 7) . Histograms underlined red, green, and blue show the data for the stage when R fixN ! 0.5, R fixN ! 0.75, and R fixN = 1, respectively. In the histograms, the red arrow represents the mean resultant vector obtained from the corresponding distributions. The length of the vector represents a measurement of circular spread. The longer the resultant vector, the more concentrated the data sample is around the mean direction.
In G1, most of the eccentric fixations were distributed on the lower hemifield, independent of the stage of the development. The mean resultant vectors of the eccentric distributions pointed to the lower hemifield in all three stages, meaning that most of the eccentric fixations were located in the lower hemifield. Some eccentric fixations were also performed on the horizontal meridian during the first and second stage of development (R fixN ! 0.5 and R fixN ! 0.75). This behavior changed in the last stage (R fixN = 1), where eccentric fixations were performed above the fixation cross. This was observed in four subjects who located the stimulus above the scotoma at the last stage of the PRL development.
In G2, most of the eccentric fixations were distributed in the upper hemifield, independent of the stage of the development. The mean resultant vectors of the eccentric distributions pointed to the upper hemifield in all three stages.
Finally, the eccentric fixations in the one subject with similar recognition performance above and below the fixation cross (G3) resulted in an oblique vector that pointed to the location at 135°.
The results for recognition performance mediated by sustained attention (Fig. 6 ) and fixation behavior (Fig. 7) are summarized in Fig. 8 . The figure shows the mean resultant vector of performance with cued sustained attention (blue) and of the fixation behavior (red). The vector for the fixational behavior was obtained by averaging the vectors from the three different stages of PRL development. For subjects in G1, the absolute difference in direction between recognition performance and fixation vectors was 66.58°, while for G2 it was 49.34°, and for G3 it was 109.16°. These mean effects show that locations with high recognition performance and a newly developed PRL in group 1 and group 2 were found to be in the same hemifield of the visual field. ) as a function of the training block (x axis) for the 13 subjects. The right diagram shows the mean distance between fovea and PRL (y axis, deg) as a function of the training block (x axis). At the end of the training period, every subject had a significantly smaller BCEA and a mean PRL location situated outside of the scotoma. Fig. 6 . Recognition performance mediated by sustained attention for subjects from group 1 (G1: n = 10), group 2 (G2: n = 2) and group 3 (G3: n = 1). The distances between the blue dots and the center of the diagram represent the percentage of correct responses for the different locations tested. The separation of groups was performed using the ratio R g between the location at 90°(per (90)) and the location at 270°(per(270)) for the percentage of correct responses. The blue vector shows the mean resultant for the respective attentional diagram. Fig. 7 . Mean distribution of eccentric fixations. The angle histograms were separated into three groups (G1, G2, and G3) based on the subject's performance using cued sustained attention. Three different stages of the PRL development were analyzed (red, R fixN ! 0.5, green R fixN ! 0.75 and blue R fixN = 1). Red arrows show the mean resultant vector of the distribution of eccentric fixations. In G1 with 10 subjects, all vectors pointed to the lower hemifield, coinciding with the hemifield in which the higher recognition mediated by sustained attention was found. In G2 with 2 subjects, the vectors pointed to the upper hemifield, also coinciding with the hemifield where the higher recognition mediated by sustained attention was found. Finally in G3 with only one subject, the vectors also pointed to the hemifield where the best recognition mediated by sustained attention was found. Fig. 8 . Summary of the mean recognition performance mediated by sustained attention and fixation distributions for subjects from the three groups. Red vectors represent the mean eccentric distributions for the three stages of the PRL development, while the blue vectors represent mean recognition performance mediated by sustained attention.
Sustained attention and the development of the PRL, individual differences
The results for the recognition performance mediated by sustained attention and for the development of the PRL were also analyzed separately in order to examine whether the mean effects were also reflected in each subject. Fig. 9 shows for each subject the diagram for recognition performance and the angle histogram for the eccentric fixations at the three different stages of the PRL development (red, R fixN ! 0.5, green R fixN ! 0.75 and blue R fixN = 1). S1, S2, S3, S4, S5, S7, S9, S10, S11 and S13 correspond to subjects from G1 whereas S6 and S12 correspond to subjects from G2 and S8 is the subject from G3.
In the last stage of the PRL development, the fixational mean vector of nine subjects pointed to the hemifield where the subject's highest recognition performance was found (S2, S5, S6, S7, S8, S9, S11, S12 and S13), corresponding to approximately 70% of the participants. Four subjects from G1 showed distributions of eccentric fixations on the upper hemifield (S1, S3, S4 and S10).
The angular difference between the mean resultant vectors of attention and fixation distributions were calculated for all subjects at the three stages of the PRL development. For R fixN ! 0.5 it was 65.9 ± 38.1 degrees, for R fixN ! 0.75 it was 66.5 ± 38.2 degrees, and for R fixN = 1 it was 86.0 ± 53.1 degrees. These values represent a portion of the circle that is lower than the 25%. Thus, they showed an overall relationship between attention and fixation at the three developmental stages.
Discussion
The measurements of recognition performance mediated by sustained attention showed that when the upper and lower hemifields are compared, ten subjects showed better attentional performance in the lower hemifield, whereas two showed better performance in the upper hemifield, and one showed similar levels of performance in the upper and lower hemifields. An analysis over all showed that the average distribution of eccentric fixations was consistent with the recognition performance mediated by sustained attention. Moreover, when the individual differences were analyzed, nine out of thirteen subjects turned out to relate recognition performance to the hemifield where the PRL was developed (six from G1, two from G2 and 1 from G3).
The horizontal versus vertical asymmetries in attention
Our results, in agreement with other studies (Altpeter et al., 2000; He, Cavanagh, & Intrilligator, 1996; MacKeben, 1999) , further demonstrate vertical asymmetries in the effectiveness of sustained attention, where better attentional capabilities were demonstrated in the lower than the upper visual field. Altpeter et al. (2000) reported that 57% of the tested subjects with mostly juvenile maculopathies showed better performance in the lower hemifield, 16% of the subjects showed better performance in the upper hemifield and 27% of the subjects showed similar performance in both hemifields (upper and lower). This tendency was also observed in a study on healthy subjects, in which the sustained component of attention was used with a letter recognition paradigm (MacKeben, 1999) . That study reported that 50% of the subjects showed difficulties to deploy the sustained attention on the upper hemifield, 33.3% of the subjects showed difficulties to deploy it in the lower hemifield, and 16.6% of the subjects showed difficulties to deploy it in the upper and lower hemifields. Furthermore, He et al. (1996) found greater attentional resolution in the lower visual field in a total of 4 subjects. In the present study, the ratio R g provided information about the hemifield with reduced attentional performance. The results showed that 76.9% of the subjects (n total = 13) performed worse in the upper hemifield, 15.4% of the subjects performed worse in the lower hemifield and 7.7% of the subjects performed similarly in the upper and lower hemifield.
The development of the preferred retinal locus for fixation
Our results showed a significant decrease of variance of the fixations and a significant change in the PRL location. Moreover, at the end of the training, all subjects had developed a PRL outside of the scotoma.
The mean variance of the fixations (mean BCEA) obtained in the last block of training was 36.6 ± 19.5 (SD) deg 2 . In contrast to our variance, other studies obtained lower variances when subjects performed with a simulated central scotoma. Kwon et al. (2013) obtained variances below 10 deg 2 after 15 h of explicit training.
In the same way, Liu and Kwon. (2016) obtained BCEAs of the same size after only 6 to 10 h of explicit training. The main difference in variance compared with our study can be attributed to the difference in training time. In the present study, eight training blocks were performed, which made a total time of 80 min. In addition, unlike in the previously mentioned studies, we did not instruct the subjects to use a specific region of the visual field using gaze cues. In the absence of such an explicit training, it was unlikely to obtain low variances and therefore high fixation stabilities. The low fixation stabilities at the end of the training constitute unstable PRLs. Given that one purpose of this study was to find out whether the performance-dependent hypothesis might explain the selection of the PRL location, the fixation stability did not play an important role. Moreover, explicit training only decreases the variance of the fixations, but does not influence the selection of the PRL location (Kwon & Legge, 2012; Liu & Kwon., 2016) . Thus, our training finished when the mean PRL position was located out of the scotoma and when we found a mean PRL position significantly different from the initial mean PRL position.
In addition, the rates of oculomotor learning were faster than those reported by Kwon et al. (2013) . This might be attributed to the size of the simulated scotoma. The diameter of our scotoma was six degrees of visual angle, whereas the diameter of the scotoma simulated by Kwon et al. (2013) was ten degrees of visual angle.
These results supported previous findings that demonstrated that with a simulated central scotoma, the normal foveating behavior was replaced by a new saccadic behavior in favor of eccentric fixations. In addition, our results provide unreported evidence that a new PRL can be developed after only 80 min of training with a simulated scotoma.
Sustained attention and the development of the PRL, mean effects
Cheung and Legge (2005) summarized the three hypotheses for the development of the PRL as a function-dependent, performance-dependent and retinotopy-dependent hypothesis. The performance-dependent hypothesis postulated that the PRL selection might be triggered by the remaining retinal locations with good visual acuity or alternatively, with high attentional capabilities. In this study we provided data that compared the attentional performance of three groups (separated based on their attentional capabilities) with their selection of preferred retinal locus of fixation. The results showed that subjects with better attentional capabilities in the lower hemifield placed their PRL in that hemifield. This was supported by the mean resultant vectors obtained for both, fixational distributions around the scotoma and attentional mean direction. Both vectors were located in the same hemifield and their absolute directional difference was 66.58°. Besides that, subjects with better attentional deployment in the upper hemifield developed a PRL in the upper hemifield and the absolute difference between attentional and fixational vectors was 49.34°. This PRL development was in contradiction to the evidence reporting high prevalence to locate the PRL either below or on the left side of the scotoma (Crossland et al., 2005; Cummings & Rubin, 1992; Fletcher & Schuchard, 1997; Fletcher, Schuchard, Livingstone, Crane, & Hu, 1994; Guez et al., 1993; Sunness et al., 1996; Trauzettel-Klosinski & Tornow, 1996) , but was consistent with the performance-dependent hypothesis for the development of the PRL. Overall, the results showed that the mean distributions of eccentric fixations was consistent with the hemifield in which the high attentional performance was found.
The mean distance between fovea and PRL for all subjects at the end of the training was 4.87 degrees. Given that the radius of the scotoma was 3 deg, these results also support the retinotopic hypothesis for the development of the PRL, which predicts the selection of PRL at the border of the central scotoma.
The grouping of the subjects allowed an analysis based on the differences between the superior and inferior hemifields, but many subjects showed high attentional performance in the nasal and temporal hemifields. Thus, if the retinal locations with good attentional capabilities can indeed predict the PRL location, we would expect most of the PRLs to be to the left or right of the simulated scotoma. As this was not the case, we suggest that the selection Fig. 9 (continued) of the PRL location might be influenced by the asymmetry of attentional capacity on the different meridians. If the attentional capability is symmetric on one meridian, which was the case for the horizontal meridian for most subjects, the PRL is unlikely to be located on that meridian. However, if the attentional capability is asymmetric on one meridian, which was the case for the vertical meridian, the PRL is likely to be developed at the location of that meridian with the higher attentional capability.
Sustained attention and the development of the PRL, individual differences
When the performance of the subjects was analyzed individually, the results showed that approximately 70% of the subjects (nine out of thirteen) presented a PRL location in the hemifield where high performance with consciously directed sustained attention was found. This result showed that, even if mean effects relate attentional capabilities to the development of the PRL, individual differences must be taken into account and suggest that attention may not be the only mechanisms that plays a role on the development of the PRL.
Conclusion
In the present study we used monocular simulations of central scotoma to address the question whether there is a relationship between the locations with high attentional capabilities in the visual field and the selection of the PRL. The results showed that overall, the development of the PRL was consistent with the attentional capabilities. Analyzed individually, nine of thirteen subjects presented a PRL location on the meridian with the highest asymmetry and at the location on that meridian where the highest attentional capability was achieved. These results supported previous findings that showed a link between locations with good attentional capabilities within the visual field and the development of the PRL. In addition, the findings supported the performance dependent hypothesis for the development of the PRL. Furthermore, it might help in the identification of future PRL locations and therefore individualized training strategies for patients with a developing maculopathy.
In the paper of Altpeter et al. (2000) there was first evidence that there might be a correlation between locations of good attentional capabilities and PRL. Some open questions remained: in this previous study only the attention field of the centrically fixating eye could be compared with the eccentrically fixating fellow eye (in patients with maculopathy).
In the present study we were able to investigate in the same eye of a normally sighted subject and at the same time, if attention field and PRL are correlated. The finding of this study opens the possibility to select patients with early macular disease, who have an unfavorable distribution of their attentional capabilities for reading. Such patients on risk, i.e. with early macular changes or with macular pathology in the fellow eye, could receive early attention training in order to develop a functionally favorable location of best attentional performance and a later PRL. This would allow a preventive intervention to augment later rehabilitation.
